Chionanthus L. is a member of the Oleaceae, a morphologically diverse family that includes economically important genera cultivated for food (Olea europaea L.), timber (Fraxinus L.), medicinal (Forsythia Vahl.) , and ornamental (Jasminum L., Ligustrum L., Osmanthus Lour., and Syringa L.) purposes. The genus Chionanthus has 100 species (Chang et al., 1996; Wallander and Albert, 2000) distributed throughout tropical and subtropical areas worldwide but includes three temperate species (Green, 2004) . Only the three temperate species are economically important as ornamentals and natural products. Temperate Chionanthus spp. (C. retusus from eastern Asia and C. pygmaeus and C. virginicus from eastern North America) are cultivated for their white flowers in feathery panicles and decorative blue fruits. With the exception of the pink-flowered C. pubescens Kunth from Ecuador, the evergreen tropical and subtropical Chionanthus spp. (syn Linociera Sw.) are usually not cultivated.
Very little is known about the genetics of Chionanthus. The base chromosome number in tribe Oleeae is x = 23 with published counts for C. virginicus and C. retusus of 2n = 46 (Chang et al., 1996; Taylor, 1945; Wallander and Albert, 2000) . A hypothetical phylogeny for the Oleaceae, including C. retusus and C. virginicus, was developed using sequences of two noncoding chloroplast regions, the trnL-F (intron-L/spacer-F) and rps16 intron (Wallander and Albert, 2000) ; however, no other information at the molecular level is available that could assist in Chionanthus breeding programs or identification of species. In addition, understanding the level of genetic diversity as well as inter-and intrageneric relationships within the cultivated germplasm is important for planning a systematic breeding program for Chionanthus. Furthermore, the pollination and breeding systems of Chionanthus appear complex with individual species exhibiting varying levels of polygamodioecy (Dirr, 1998; Nicholson, 1990; Ueda, 1996) combined with occasional selfing that has implications for crossing and inheritance studies.
The development of molecular markers, specifically SSRs, will aid in assessing relationships, diversity, and parentage within the genus Chionanthus. In addition, because SSR marker transferability is usually feasible within plant families, i.e., Casuarinaceae (Yasodha et al., 2005) , Meliaceae (White and Powell, 1997) , Fagaceae (Barreneche et al., 2004) , the markers we report here for Chionanthus could potentially transfer to species of Olea, Fraxinus, and Syringa.
Materials and Methods
Plant material. Source and accession data for all samples used in this study are shown in Table 1 . Chionanthus retusus-derived SSR markers were tested on six accessions of C. retusus, three accessions of C. virginicus, two accessions of C. pygmaeus, and one accession of Osmanthus americanus, a species related to Chionanthus according to Wallander and Albert (2000) . Total genomic DNA was extracted from leaf tissue using a Qiagen Plant Mini Kit (Qiagen, Valencia, CA) .
Isolation of simple sequence repeats from Chionanthus retusus. For the construction of SSR-enriched libraries, we used the method of Techen et al. (2010) , briefly described here. DNA from C. retusus was cut with restriction enzymes AluI, HaeIII, DraI, RsaI (New England Biolabs, Ipswich, MA) and combinations of pairs of these enzymes. The blunt-end DNA fragments were A-tailed with Taq-DNA polymerase and then ligated to an optimized Received for publication 15 Oct. 2010. Accepted for publication 11 Nov. 2010. This work was supported by USDA-ARS project no. 6401-21000-001-00 and 6402-21310-003-00. We thank Xiaofen (Fanny) Liu for library sequencing. Mention of trade names or commercial products in this manuscript is solely for the purpose of providing specific information and does not imply recommendation or endorsement by the U.S. Department of Agriculture.
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To whom reprint requests should be addressed; e-mail brian.scheffler@ars.usda.gov. linker (SSRLIBF3: 5#-CGGGAGAGCAAGG AAGGAGT-3#, SSRLIBR3: 5#-/5Phos/CTCC TTCCTTGCTCTCCCGAAAA'-3#). After 20 cycles of polymerase chain reaction (PCR), the amplified products were hybridized to four groups of biotinylated oligo repeats. Sequences containing repeats were captured using streptavidin-coated magnetic beads M-270 (Invitrogen, Carlsbad, CA) and the DNA was eluted. The eluate was PCR-amplified for 20 cycles; the PCR products were cloned in vector TOPO4 (Invitrogen) and sequenced using an ABI 3730XL DNA Analyzer (Applied Biosystems, Foster City, CA). Sequences were assembled in contigs using DNAStar Lasergene7 (DNASTAR, Inc., Madison, WI) and visually checked. Repeats were searched using SSRFinder (Sharopova et al., 2002) and Sputnik (Abajian, 1994) . Primers were designed using Primer3 (Rozen and Skaletsky, 2000) with stringent parameter conditions: Tm 63 optimum (60/65) minimum/maximum, length 24 optimum (20/28) minimum/maximum, and maximum overlap of repeat within the primer was 5 bp. Contig sequences containing microsatellites were screened against the NCBI Protein Database (BLASTx) (Altschul et al., 1990) .
Fingerprinting. Forward primers were 5# tailed with the sequence 5#-CAGTTTTCCC AGTCACGAC-3# (Waldbieser et al., 2003) to permit product labeling, and reverse primers were tailed at the 5# end with the sequence 5#-GTTT-3# to promote non-template adenylation (Brownstein et al., 1996) . Primer 5#-CA GTTTTCCCAGTCACGAC-3# labeled with 6-carboxy-fluorescein (IDT-Technologies, Coralville, IA) was used for amplification of 10 ng DNA using Titanium Taq DNA Polymerase (Clontech, Mountain View, CA) in 5-mL reactions on an M&J thermal cycler (BioRad, Hercules, CA) at 95°C for 1 min, 60°C for 1 min (two cycles), 95°C for 30 s, 60°C for 30 s, 68°C for 30 s (27 cycles), and a final extension at 68°C for 4 min. Fluorescently labeled PCR fragments were analyzed on an ABI 3730XL DNA Analyzer and dataprocessed using GeneMapper Version 3.7 (both from Applied Biosystems). Presence of alleles was converted to a binary matrix. The accessions were clustered using the unweighted paired group method and arithmetic averages (UPGMA) algorithm implemented in the SAHN program of NTSYSpc Version 2.2 (Exeter Software, Setauket, NY). The confidence level for the dendrograms was assessed by bootstrap resampling (5000 replicates) (Efron et al., 1996; Felsenstein, 1985) using WINBOOT (Yap and Nelson, 1996) .
Unique Pattern Informative Combination and heterozygous loci calculations. Markers that effectively discriminated the samples tested were identified using the UPIC software (Arias et al., 2009) , and the number of unique patterns (UPIC values) identified by each marker was reported for the best 100 markers. Percentage of heterozygous loci was also calculated using the UPIC software (Arias et al., 2009 ) for each DNA sample across all 384 SSR markers tested.
Results

Repeats found. SSR-enriched libraries of
Chionanthus retusus were made using four groups of biotinylated oligo repeats. A total of 2208 clones from those libraries was sequenced. Sequences were assembled to 1072 contigs in which 1010 repeats were detected by SSRFinder and Sputnik combined. We considered repeats only those that were non-mononucleotides, had a minimum repeat length of 8 bp, and a minimum 20-bp length of flanking region upstream and downstream of the repeat. Sequences of contigs containing repeats were submitted to GenBank with accession numbers (GQ117288 to GQ118148). We designed 394 primers on the flanking regions of the repeats and tested 384 of those primers on 12 DNA samples. Primer sequences and repeat motifs as appeared in the original sequences are provided in Table  2 . DNA sequences corresponding to 28 of the markers had significant hits on BLASTx indicated in Table 2 in bold. To simplify the recording of the repeat motifs, those that were circular permutations and reverse complements of each other were grouped together as one type, i.e., AAC, ACA, CAA, GTT, TGT, and TTG were recorded as AAC. This resulted in 55 non-redundant repeat motifs isolated from the C. retusus SSR-enriched libraries. The first 11 most abundant motifs detected had frequencies ranging from 560 to six as shown in Figure 1 . The remaining 44 non-redundant motifs, including one CG repeat, were found in a total of 57 repeats (Table  2 ) with frequencies lower than four and were not included in the plot (data not shown). Frequencies of the isolated repeats decreased as their length increased. The number of di-, tri, tetra-, penta-, and hexanucleotides are shown in Figure 1 . Only 10 of 384 markers tested did not amplify any of the 12 DNA samples used in this study.
Markers that amplified four Oleaceae species (genera Chionanthus and Osmanthus). Based on the electropherograms in GeneMapper and presence across samples, we selected 57 markers that amplified across the four species tested (C. pygmaeus, C. retusus, C. virginicus, and O. americanus). Selected primers are listed in Table 3 . From those, 43 amplified all 12 DNA samples and 14 amplified nine or more DNA samples. Only two of the 57 markers were monomorphic for the four species tested; the other 55 corresponded to polymorphic loci and amplified between two and 13 alleles. A total of 350 alleles was detected by these 57 markers. From these markers, 18 were polymorphic (detected up to five alleles) within the species C. pygmaeus allowing distinction of the two accessions tested, whereas 35 were polymorphic (detected up to five alleles) within the species C. virginicus allowing distinction of the three accessions tested.
Because the SSRs in this study were isolated from C. retusus, most markers amplified predominantly this species. Of 384 markers tested, based on their ease to score, we selected 195 that amplified the six lines of C. retusus; 33 of them were monomorphic, whereas the other 162 polymorphic markers detected between two and 15 alleles. A total of 837 alleles was detected in these 195 loci within the species C. retusus.
Unique pattern informative combinations of markers, Unique Pattern Informative Combination values. UPIC indicates the number of DNA samples that can be discriminated by each particular marker (Arias et al., 2009) . The UPIC value is more informative for selecting subsets of SSRs than the use of its polymorphism information content. We calculated UPIC values for all the markers and report the UPIC values of the best 100 in Table 3 . Twelve DNA samples (Table 1) representing four species of Oleaceae (Chionanthus retusus, C. virginicus, C. pygmaeus, and Osmanthus americanus) were used for the analysis. Combinations of these markers run on the 12 DNA samples described can detect as many unique patterns or alleles as to the sum of their UPIC values. In general, the markers allowed a clear distinction among Chionanthus taxa as well as within C. retusus accessions, which was shown by the high bootstrap resampling coefficients obtained (Fig. 2) .
Heterozygosity (%). The percentage of heterozygous loci, based on 384 markers, for each of the four Oleaceae species tested was 29.9% to 30.7% (C. pygmaeus), 30.1% to 39.8% (C. retusus), 29.3% to 43.4% (C. virginicus), and 68.8% for O. americanus.
Cluster analysis. Genetic similarity coefficients based on UPGMA were calculated (Arias et al., 2009 for four species of Oleaceae (C. pygmaeus, C. retusus, C. virginicus, and O. americanus) using 57 markers as shown in Figure 2A . We also calculated genetic similarity coefficients for C. retusus using 195 markers as shown in Figure 2B . We observed a high level of polymorphism within the species C. retusus using these 195 markers. These markers allowed a clear distinction among C. retusus varieties as is shown by the high bootstrap resampling coefficients obtained. Bootstrap confidence values are indicated on the dendrograms. Clusters formed groups by species with the exception of C. virginicus (6007), which associated with C. pygmaeus based on the 57 markers analyzed as shown in Figure 2A .
Discussion
Chionanthus SSR-enriched libraries were generated using 24 oligo repeats; however, we detected twice as many repeat motifs, probably as a result of non-specific hybridization during the enrichment process. Although we detected a large number of repeats in the assembled contigs, only 394 pairs of primers were designed under the stringent conditions used. In C. retusus, the frequency of repeats decreased with the increase in length of the repeat motifs (Fig. 1) . This trend has also been observed in the distribution of SSRs of other eukaryotic genomes (Katti et al., 2001) . We also found that in C. retusus, the most abundant di-, tri, and tetranucleotide repeat motives were AG/AC, AAG/ACC, and ACTC/ATAC, respectively. In Arabidopsis thaliana (L.) Heynh., the same di-and trinucleotide motives were the most abundant across the entire genome; Table 2 . (Continued ) Markers that amplified all the Oleaceae accessions tested detected by Unique Pattern Informative Combination software (Arias et al., 2009 Markers that amplified all the Oleaceae (StvChR_15_a to StvChR_1032_a) and Chionanthus retusus only (StvChR_7_a to StvChR_955_sk/a). DNA sequences shown in bold had significant hits on BLASTx. In the columns, size range is: observed on the samples, includes the 23 bp of primer tailing. ''No. all'' = total number of alleles detected. ''Max all/S'' = maximum number of alleles detected on an individual sample. Sequences corresponding to the contigs were submitted to GenBank with accession numbers GQ117288 to GQ118. however, the predominant tetranucleotide motives were of the type ''AAA/(CTG)'' (Anwar and Khan, 2005) . Curiously, we found at least one (CG) n repeat in C. retusus, a particular repeat motif that has not been found in the entire A. thaliana genome (Anwar and Khan, 2005) and that is very rare in other eukaryotic genomes (Katti et al., 2001) .
Ninety-six percent of 57 SSRs that amplified across the four species of Oleaceae (C. pygmaeus, C. retusus, C. virginicus, and O. americanus) were polymorphic. Within the species C. retusus, 61% of 195 SSRs we developed were polymorphic. The high level of polymorphism is not unexpected in this study, because we chose representative samples of C. retusus that covered two extremes of its range in Asia with C. retusus CR1 and CR3 originating from the Yunnan province in China and CR4 and CR6 from Japan. Chionanthus retusus CR2 represents the typical form in cultivation in the United States and is likely derived from the same parental stock as CR5, a plant we originally received as C. retusus var. serrulatus (Hayata) Koidz. from the Arnold Arboretum, but is of uncertain provenance. The varietal epithet serrulatus was first applied to a new species of Chionanthus from Taiwan, which was later reduced to a variety of C. retusus (Fogg, 1960) . A larger survey of North American nurseries is planned to determine the level of genetic diversity of C. retusus in cultivation. Only a handful of C. virginicus and C. pygmaeus accessions were available for sampling and used to test crossamplification of C. retusus-derived SSRs. A broader sampling, encompassing a greater range of C. virginicus in eastern North America and larger sampling in Florida, where it is in close proximity to C. pygmaeus, is needed to determine population structure and similarities between these species.
The percentage of heterozygous loci found in O. americanus (68.8%) was twofold higher than in C. retusus (30.1% to 39.8%). In addition, O. americanus shared 29% of detected alleles with C. retusus, which had a genetic similarity of 0.54. Very few alleles were shared between O. americanus and the species C. virginicus and C. pygmaeus. The amplification and sharing of alleles between Chionanthus sp. and O. americanus is indicative of a recent divergence and supports the conclusions of Wallander and Albert (2000) who reported O. americanus to be closely related to Chionanthus. The greater number of polymorphic loci in O. americanus may also be attributed to genome size. Whereas Chionanthus species used in this study are presumed diploid with 2n = 46, Osmanthus americanus is a hexaploid with 2n = 138 (Taylor, 1945) .
BLASTx screening of DNA sequences containing microsatellites showed significant hits on some interesting genes. For example, the sequence that originated marker StvCHR_508a had similarity to SORBIDRAFT of Sorghum bicolor that is related to the development of inflorescences (Polegri et al., 2010) . The DNA sequence corresponding to marker StvCHR_680a had similarity to proteasome subunit alpha; both 26S proteasome and the REV (REVOLUTA) genes are required for the maintenance of root apical meristem and shoot apical meristem (Zhang et al., 2010) , and it has been shown that plants with double mutations on both isoforms of the 26S proteasome are often non-viable (Gallois et al., 2009 ). Several DNA sequences had similarity to chromatin remodeling, DNA binding, and control of transcription such as those from markers StvCHR_356a, StvCHR_430b, StvCHR_777a, and StvCHR_ 943a. The DNA sequences associated to marker StvCHR_709a had similarity to the brahma-related gene (BRG1), which is implicated in tumor suppressor function (Hendricks et al., 2004) . Further research taking in consideration the gene functions potentially affected by the polymorphism of the markers presented here would provide useful insight for plant breeding programs. Considering that transferability of molecular markers is feasible within plant families (Barreneche et al., 2004; White and Powell, 1997; Yasodha et al., 2005) , the markers we developed for Chionanthus could be used to examine other economically important members of the Oleaceae such as Fraxinus and Olea. Although a number of microsatellites are available for Olea (Cipriani et al., 2002; Omrani-Sabbaghi et al., 2007; Stambuk et al., 2007) , between 200 and 500 additional markers are necessary for 80% to 95% of the Olea genome to lie within 10 cM of a marker (Wu et al., 2004) .
In the present study, we have characterized a large number of SSR markers for Chionanthus-related species: 55 that discriminate among the four species of Oleaceae tested, 162 that discriminate within the species C. retusus, 35 polymorphic ones for C. virginicus, and 18 polymorphic markers for C. pygmaeus. These markers could aid in identifying genetic diversity of Chionanthus germplasm and allow verification of hybrids, pedigrees, and cultivars for botanical characterization and ornamental tree breeding programs.
